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Theories used to predict the sound insulation of double-leaf cavity wall systems are usually 22 
based on the assumption that the wall is of an infinite extent. To account for the effect of the 23 
finite extent of the wall, a limiting the angle of incidence, a finite radiation efficiency model or 24 
the spatial windowing method are used in order to obtain realistic predictions. However, the 25 
effects of the finite extent of the cavity are often not included. This paper presents an extension 26 
of a finite two-dimensional cavity theory to include limp panels on each side of the cavity. It is 27 
shown that the oblique incidence mass-air-mass resonance can only occur for certain frequencies 28 
and certain angles of incidence. This is the reason why the infinite extent theories under predict 29 
the sound insulation. The results of the predicted sound insulation agree with measurements 30 
when the wall cavity is empty. To obtain agreement when the cavity is full of a porous sound 31 
absorbing material, a flow resistivity of about one fifth of the measured value has to be used. Use 32 
of the actual flow resistivity gives sound insulation values that are 10 dB too high. 33 
  34 
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I. INTRODUCTION 35 
The prediction and understanding of the sound insulation of double-leaf cavity wall 36 
systems has dramatically improved since the development of the early classical prediction 37 
models by Beranek and Work (1949) and London (1950). However, despite these improvements, 38 
a detailed survey by Hongisto (2006) of more than twenty well-known prediction models 39 
concluded that there is a high degree of variability in the results produced from these models and 40 
no single model was capable of predicting the sound insulation of the entire spread of 41 
commercially available walls. Thus there is still a need to develop better sound insulation 42 
prediction models for double-leaf cavity walls. 43 
Many of the theories used to predict the sound insulation of a wall assume that the wall is 44 
of infinite extent. A typical example is the transfer matrix method which is well described by 45 
Allard and Atalla (2009). To account for the effects of the finite size of the wall on the radiation 46 
efficiency, these theories sometimes use a finite size radiation efficiency [see Appendix 12.A of 47 
(Allard and Atalla, 2009) and Section II.H of (Brunskog, 2012)]. A variant of this approach is the 48 
spatial windowing technique [see (Villot et al., 2001), (Villot and Guigou-Carter, 2005) and 49 
(Vigran, 2009)]. 50 
For single leaf walls, Sewell (1970) showed that below the critical frequency, the finite 51 
size radiation efficiency can be included by using a limiting angle of integration which depends 52 
on the size of the wall compared to the wave length of sound.  53 
For empty double-leaf cavity wall systems limiting the angle of integration does not 54 
produce reasonable results. Consequently, an artificially high rate of sound attenuation is often 55 
applied. For instance, while utilizing the transfer matrix method, Vigran (2009) sets “the power 56 
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attenuation coefficient equal to 0.2 m
-1
 independent of frequency” and uses a cavity depth which 57 
is slightly greater than the actual cavity depth. Davy (2010) also utilized an artificially high value 58 
of effective cavity sound absorption and introduced regression equations for the effective sound 59 
absorption of an empty wall cavity as a function of cavity depth. London (1950) used a panel 60 
resistance which varied with angle of incidence to overcome the problem of empty cavities. 61 
The research described in this paper presents an analytic two-dimensional model for 62 
predicting the sound insulation of double-leaf cavity walls below their critical frequency. The 63 
model enables a better understanding of the role of the finite cavity on the sound insulation of 64 
double-leaf cavity walls and provides an explanation for the reason why an artificially high rate 65 
of attenuation is needed within the theories which assume that the walls are of infinite extent. 66 
Gösele and Gösele’s (1977) model is extended by assuming that the two major air cavity 67 
boundaries are limp panels with possibly different specified mass per unit area. This assumption 68 
means that the solution is only valid to approximately half the critical frequencies of the panels. 69 
The panels were assumed to be loaded on their sides opposite the air cavity with the infinite or 70 
finite size panel radiation resistance when the panel was radiating into an infinite half space. The 71 
radiation reactance was ignored. 72 
Because the existing theories of panel radiation resistance do not cover panel waves 73 
which are being attenuated with distance, the panel radiation resistance was calculated from first 74 
principles using a two-dimensional model. The results obtained are in good agreement with three 75 
dimensional models except at very low frequencies where the two-dimensional radiation 76 
efficiencies are higher than the three dimensional radiation efficiencies Ljunggren (1991), Davy 77 
(2009a).  78 
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Prasetiyo (Prasetiyo, 2012; Prasetiyo and Thompson, 2012) has used the coupled 79 
Waveguide Finite Element-Wave domain Boundary Element method to obtain results similar to 80 
this paper for the angular dependence of the sound insulation of double-leaf cavity walls of finite 81 
extent without sound insulation in their air cavities. One difference from this paper is that 82 
Prasetiyo does not find the normal incidence mass-air-mass resonant frequency. This result of 83 
Prasetiyo appears to be at odds with the experimental measurements of Brutel-Vuilmet et al. 84 
(2006). Prasetiyo, Brutel-Vuilmet et al. (2005) and this paper all reach the conclusion that the 85 
resonance frequencies of cavity walls of finite extent do not vary with the angle of incidence. 86 
This observation explains why London’s (1950) model underestimates the sound insulation of 87 
cavity walls unless an artificial angular dependent panel resistance is introduced. It also explains 88 
why the other infinite extent models have to introduce artificially high values for cavity 89 
absorption, damping or attenuation. 90 
II. GOVERNING EQUATIONS  91 
In this paper, the time dependency is assumed to      and is omitted from the equations. 92 
Consider the sketch of a double-leaf wall system shown in Figure 1. Assuming that each wall 93 
panel acts as a limp mass; the specific acoustic impedance (  ) of each wall panel can be found 94 
by taking into account the fluid loading effect of the surrounding air on each panel by 95 
considering its radiation efficiency (    and the characteristic impedance (   ) of the air such 96 
that 97 
               (1) 
where the mass per unit area of each panel is  .  98 
 99 
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 100 
Figure 1 Co-ordinate system, incident and bending wave number used within the proposed 101 
model (color online) 102 
The specific acoustic impedance (  ) of each wall panel is defined as the ratio of the sound 103 
pressure acting on it to its particle velocity (  ). Assuming that a plane harmonic wave is incident 104 
on panel one, Gösele and Gösele (1977) showed that once the depth of the wall cavity is small 105 
compared to the wavelength of the incident sound waves, a description of the air waves excited 106 
in the cavity parallel to the x-direction is sufficient for the required analysis. Consequently, the 107 
incident sound pressure (pi) can be modelled as, 108 
  (    ̂  
      (2) 
where    is the wave number of the bending wave on the panel such that        (   as shown 109 
in Figure 1. Hence the specific acoustic impedance of panels one and two can be found from 110 
Equations (3) and (4) respectively 111 
   
     
  
  
(3) 
   
 
  
  
(4) 
where the cavity pressure (p) is created due to the motion of both wall panels. For frequencies 112 
below the first resonance frequency perpendicular to the wall panel, Fahy (1985) showed that it 113 
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can be assumed that the sound pressure across the depth within the wall cavity is uniform once 114 
the depth of the cavity is small compared to the wavelength of the incident waves. 115 
The rate of volume addition per unit volume ( (  ) due to the movement of the panels in the y-116 
direction can be found by considering Equations (3) and (4), such that: 117 
 (   
     
 
 
 
 
(
     (  
  
 
 (  
  
) 
(5) 
where d is the depth of the wall cavity. The situation considered in this paper is governed by the 118 
following extension of Gösele and Gösele’s (1977) Equation (11), 119 
    
      
   (  
   
    (         (   
(6) 
where ( ) is flow resistivity of the porous sound absorbing material in the wall cavity and the 120 
last term in Gösele and Gösele’s (1977) Equation (11) is replaced by the q(x) of this paper. The 121 
error in the sign of this last term in Gösele and Gösele’s (1977) Equation (11) has been corrected. 122 
The above equation extends Gösele and Gösele’s (1977) theory by including the limp wall 123 
panel’s mass impedance and radiation efficiency as well as the effect of pressure doubling and 124 
fluid loading. The solution for the wave equation given in Equation (6) showing the effect of the 125 
reflected waves within the cavity is given in the next section.  126 
A. Solution to governing equations 127 
 128 
Substituting Equation (5) into Equation (6) and gives 129 
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with the general solution being in the form 130 
 (          (             (     
The reflected wave solution for the system is given by 131 
          (      
      
     (8) 
where  132 
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(13) 
Equations (9) to (12) describe the rate of attenuation and the wave-length of the reflected 136 
waves in the cavity. The real part of   gives the rate of attenuation and the imaginary part gives 137 
the wave number. The value of   affects the radiation efficiency of the reflected waves and 138 
consequently the sound power radiated. 139 
For the forced solution, the sound wave incident on panel 1 at an angle θ to the normal can be 140 
written as  ̂  
     , where  141 
             (14) 
Equation (7) becomes 142 
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(15) 
Assuming that      
     is the forced solution for the cavity pressure, the forced wave 143 
amplitude (N) can be found by substituting this particular solution into Equation (15) to give 144 
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)  
(16) 
As a result the full solution to the wave equation given by Equation (6) can be written in the 145 
following form 146 
 (             
      
     (17) 
The coefficients    and    can be found by assuming rigid boundary conditions such that 147 
 (    (    ; this implies that   (        at      and    .  148 
Therefore; 149 
   
    ( 
         )
 (         
  
(18) 
 
   
    ( 
        )
 (         
  
(19) 
Although Gösele and Gösele (1977) indicated that the solution for the sound pressure within the 150 
wall cavity is in the form shown in Equation (17), they did not give the solution for    and    as 151 
given by Equations (18) and (19) respectively. Instead Gösele and Gösele combined the effect of 152 
the reflected waves into one equation. Consequently, the solutions presented here for    and    153 
provide an alternative approach to Gösele and Gösele’s which will be vital in the study of the 154 
effect of the mass-air-mass resonance frequency on the Sound Transmission Loss (STL) of 155 
double-leaf wall systems. This effect is crucial in understanding why London’s infinite model 156 
under-predicts the STL as explained in Section V.  157 
III. FORCED RADIATION EFFICIENCY OF FINITE PANELS 158 
The wall panels are modelled as a vibrating strip placed within an infinite baffle as shown 159 
in Figure 2. The radiated sound power over angles of radiation (   between      and –     is 160 
required in order to determine the forced radiation efficiency. The radiation efficiency ( ) is, 161 
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    |  | 
 
(20) 
where      is the radiated sound power,   is the area of unit length of the strip and    is the 162 
normal root mean square (rms) velocity.  163 
The radiated sound power can be determined from the radiated sound pressure for an 164 
observer at a distance ( ) away from the vibrating strip. The distance ( ) is much greater than the 165 
distance ( ) between any two of the infinitesimal width mini-strips which make up the vibrating 166 
strip shown in Figure 2; while the distance ( ) is the distance from the centre of the strip to an 167 
observer in the far field. 168 
 169 
Figure 2 Two infinitesimal width mini-strips on a vibrating strip in an infinite baffle (color 170 
online) 171 
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The radiated sound pressure from the strip can be found as follows. For small values of 172 
    (i.e. the wave number of sound in air   multiplied by the width of the infinitesimal width 173 
mini-strip,  ) the directivity of a vibrating mini-strip is almost omni-directional. As a result, the 174 
radiated sound pressure is approximately equal to the radiated sound pressure of a zero order 175 
cylindrical source of the same strength. Using the results of Jacobsen and Juhl, (2011) it can be 176 
shown that the sound pressure at a distance ( ) away from the surface of the vibrating mini-strip 177 
is 178 
 (   
          
 
 √
 
   
  (    
 
 )  
(21) 
The volume velocity per unit length    of a cylinder of radius δr is equal to       . Since the 179 
radiation into the half space is of interest,          in this case. Substituting the half space 180 
volume velocity into Equation (21) gives  181 
 (   
       
 
 √
 
   
  (    
 
 )  
(22) 
Fahy (1985) stated that it can be assumed that the sound field produced by a small volume 182 
velocity source is independent of the detailed form of distribution of velocity over the source 183 
surface. For an element    of the infinitely long narrow strip the volume velocity,        . 184 
Therefore, Equation (22) can be re-arranged to give 185 
 (         √
 
   
  (    
 
 
)    . 
(23) 
From Figure 2, if the observer is at a distance     
 
 
   (       (  , Equation (23) can be 186 
written as  187 
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(24) 
Assuming that the distance from the centre of the cylinder/strip ( ) is significantly greater than 188 
 
 
   (       (  , it can be assumed that √  
 
 
   (       (   √  . Consequently, 189 
Equation (24) can be written as 190 
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  (  (  
 
 
   (       (   ) 
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(25) 
The sound pressure radiated from the finite width strip can be found by integrating over the 191 
width of the finite width strip such that 192 
 (         √
 
   
∫   (  (  
 
    
(       (   ) 
 
 )    
 
 
  
(26) 
For the forced wave  193 
           
      (27) 
where         is the amplitude of the normal velocity of the forced wave and        (    is 194 
the wave number of the forced wave on the strip. Consequently, the radiated sound pressure due 195 
to the forced bending wave can be found by substituting Equation (27) into Equation (26) such 196 
that 197 
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(28) 
Solving the integral in Equation (28) gives 198 
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(29)  
Jacobsen and Juhl (2011) showed that in the far field both the sound pressure and particle 199 
velocity are in phase. As a result, the radiated sound power per unit length over all angles of 200 
radiation is 201 
      ∫      ∫
| | 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
(30) 
The pressure modulus squared of Equation (29) can be written as 202 
| (    |    
   
 
  
       
 
     ( (    (      )
(    (       
   
(31) 
Substituting Equation (31) into Equation (30) gives 203 
       (     
  
  
∫      (
  
 
(   (       (   )
 
 
 
 
 
    
(32) 
The forced radiation efficiency (in dB) of the two-dimensional vibrating strip can be seen 204 
in Figure 3. The results shown are similar to that obtained by both Davy (2009a) and Sato (1973) 205 
with the corresponding finite radiation efficiency at grazing incidence (i.e.    ) being observed.  206 
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 207 
Figure 3 Forced radiation efficiency of a vibrating strip (color online) 208 
A two-dimensional vibration strip model has been derived and developed for the radiation 209 
efficiency of forced waves. The approach presented here is different from that used by Davy 210 
(Davy, 2009a), Ljunngren (1991), Sato (1973) and Sewell (1970) in their models for the forced 211 
radiation efficiency. During the development of this model it was assumed that: 212 
 The radiated sound pressure from an infinitesimal width vibrating strip is equal to the 213 
radiated sound pressure of a zero order cylindrical source with the same volume velocity 214 
per unit length 215 
 The radiated sound pressure is independent of the detailed form of distribution of the 216 
volume velocity over the surface 217 
 The radiated sound pressure and the particle velocity are in phase 218 
The forced wave which is radiated into the wall cavity will produce reflected waves with 219 
different wavelengths and rates of attenuation. As a result, the radiation efficiency of the 220 
reflected waves will be different from that of the forced wave. Consequently, in Section IV an 221 
iterative numerical approximation is derived for the radiation efficiency of the reflected waves 222 
within the wall cavity. An iterative approach is needed because the radiation efficiency of the 223 
wave in the wall leaf forced by a reflected wave in the cavity is dependent on its rate of 224 
attenuation (  (   , which is dependent on the impedance of the wall panels, depth and airflow 225 
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resistivity of the wall cavity (see Equation (9)). The wall panel impedance is dependent on the 226 
fluid loading effect which is determined by the radiation efficiency of the reflected waves. 227 
Therefore, in order to determine the radiation efficiency of these waves, initial approximations 228 
must be made for both   and their radiation efficiencies.  229 
IV. RADIATION EFFICIENCY OF THE REFLECTED CAVITY WAVES 230 
The radiated sound pressure in the far field due to the reflected waves in the wall cavity 231 
which excite the wall panels can be solved by substituting the normal velocity due to the 232 
reflected waves into Equation (26). The normal velocity due to the reflected waves is 233 
        
     (33) 
where the   corresponds to the signs used for   shown in Equation (17) and     is the amplitude 234 
of the two reflected waves. Substituting Equation (33) into Equation (26) gives, 235 
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  (    (  )    
 
 
    
(34) 
Because the radiation efficiency depends on   and   depends on the radiation efficiency, the 236 
correct values are obtained by iteration. As a first approximation, the amplitude and phase of the 237 
reflected waves are assumed initially to be constant along the length of the cavity. This means 238 
that   is assumed to be zero initially. Utilizing this assumption and following the same procedure 239 
shown in the proceeding section it can be shown that the radiated power and radiation efficiency 240 
of the reflected waves are given by,  241 
    (     
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(35) 
and 242 
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Equation (36) gives the first approximation for the radiation efficiency of the reflected waves 243 
under the assumption that    . 244 
   can now be determined by substituting this first approximation for the radiation 245 
efficiency of the reflected waves into the forced wave impedance of the wall panel. The radiated 246 
power and radiation efficiency can then be found from the following  247 
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and 248 
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(38) 
Now since        
    and   is a complex number, the magnitude of     can be found from 249 
the following 250 
|   |     | 
   |     | 
       ||              |=    | 
       | (39) 
Therefore |   |
 
integrated over the length of the strip can be found from 251 
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(40) 
Substituting Equation (40) into Equation (38) gives the radiation efficiency due to the excitation 252 
of the panel due to the reflected waves within the wall cavity as 253 
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(
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(41) 
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An additional resistance term       was added to   . For the empty cavity case, the only 254 
damping within the model is provided by the radiation efficiency. Thus it is necessary to include 255 
some extra damping in the model to take account of the damping in the real system because the 256 
limp panel assumption means that the panel also has no damping. This extra included damping is 257 
mostly needed at the mass-air-mass resonant frequency. 258 
V. SOUND TRANSMISSION LOSS OF INFINITE DOUBLE-LEAF WALL SYSTEMS 259 
The STL is defined simply as the logarithm of the ratio of the incident sound power upon the 260 
wall to the sound power transmitted through it. Written in terms of the interaction of the incident 261 
(    and transmitted sound pressure (    the sound transmission coefficient (   for an infinite 262 
panel can be found from 263 
 
  |
  
  
|
 
  
(42) 
By assuming continuity of the particle velocity, London showed the relationship between the 264 
transmitted pressure of an infinite wall system (          and particle velocity is  265 
          |
     
   (  
|   (43) 
where    is the particle velocity on the panel 2.    is dependent on the pressure within the wall 266 
cavity and the specific acoustic impedance as shown in Equation (4). As a result 267 
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(44) 
where 268 
           |  
    |  | |  (45) 
and   is the amplitude of the forced wave given by Equation (16).  269 
Beranek (1971) showed that the forced radiation efficiency of an infinite plate (    due to 270 
airborne excitation is given by 271 
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(46) 
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Consequently Equation (43) can be written in terms of    as  272 
                |
         
  
|  
(47) 
From Equation (47) it can be seen that the transmitted pressure squared is dependent only on the 273 
amplitude of the forced waves in the infinite model. This is due to the underlying assumption 274 
within this model that the panels and by extension the wall cavity are infinitely long such that 275 
waves excited within the system keep travelling without any reflections. Consequently from 276 
Equation (17) the sound pressure within the cavity for the infinite model is only dependent on the 277 
forced waves as shown in Equation (45).  278 
The STL for the infinite model ( ) can be found by assuming that the incident 279 
pressure in Equation (42) is equal to one. This assumption can be made as the transmitted 280 
pressure is also dependent on the incident pressure; since the STL involves the ratio of these two 281 
sound pressures any value can be assumed for the incident sound pressure. As a result, the sound 282 
transmission loss for the infinite model can be found from 283 
 
            (
 
  
       
)  
(48) 
 
The STL prediction obtained from Equation (48) compared to London’s model for an empty 284 
double-leaf infinite wall system with equal mass of 12.3 kg/m
2
 for both wall panels and a cavity 285 
depth of 90 mm can be seen in Figure 4. 286 
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 288 
 289 
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Figure 4 Comparison between the current theory and London's model for an infinite 290 
double-leaf wall at different angles of incidence (color online) 291 
The results in Figure 4 show that the predictions produced from the developed model 292 
compare well with the results obtained from London’s work. The discrepancies between both 293 
models at the higher frequencies are due to the effects of the first cross cavity mode which is 294 
taken into account in London’s model but not in the presented model since a constant sound 295 
pressure across the cavity is assumed. This figure also shows that the mass-air-mass resonance 296 
frequency varies with angle of incidence, with the lowest of these occurring at the normal mass-297 
air-mass resonance frequency. 298 
VI. SOUND TRANSMISSION LOSS OF FINITE DOUBLE-LEAF WALL SYSTEMS 299 
In Section V it was shown that a model predicting similar results as London’s for infinite 300 
cavity walls can be obtained by considering only the magnitude of the forced wave in the cavity. 301 
However, for the finite wall system both the forced and reflected waves in the cavity dictate the 302 
response of the entire system. In this section it is assumed that the radiation efficiency of the 303 
vibration created in the leaves of the wall by the reflected waves in the cavity are the same as the 304 
radiation efficiency of the vibration created in the leaves of the wall by the forced waves in the 305 
cavity. This avoids the need for iteration in the calculations. 306 
A. Incident Sound Power  307 
One major problem associated with the infinite model, is that it predicts that no sound will 308 
be transmitted at grazing incidence due to the radiation efficiency of the infinite panels. As a 309 
result, some researchers utilize a finite radiation efficiency as a substitute for  when 310 
modelling finite wall systems. For example, the wave impedance of an infinite wall panel is 311 
equal to the ratio of the incident sound pressure and the normal particle velocity such that  312 
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                                                                      (49) 
where    is the characteristic impedance of air such that         . Rindel (1975) showed that 313 
the sound power incident on an infinite panel can be found from 314 
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(50) 
where the subscript y corresponds to the co-ordinate system shown in Figure 1, the amplitude 315 
variables      
  are peak amplitudes rather than rms amplitudes and the area ( ) of a unit length 316 
of the strip is  . The incident sound power is  317 
    
  
     
  
    (    
(51) 
In order to account for the finite size of the wall panel, the     (   term in Equation (51) can be 318 
replaced by the inverse of the forced radiation efficiency to give 319 
   
  
     
 
         
  
(52) 
Rindel (1975) utilized such a substitution and commented that this was similar to the way in 320 
which it was employed by Heckl (1964). Rindel stated that the use of the radiation efficiency in 321 
this manner also implies that the incident power per unit area is small when kl is large and 322 
increases when kl decreases. The deformation of the sound field by diffraction effects was given 323 
as the explanation for the reason why this occurs. The use of the finite radiation efficiency in this 324 
way is similar to spatial windowing technique developed by Villot et al. (2001). In this initial 325 
introduction of the theory, the spatial window was applied to both the sound pressure field and 326 
the vibration before calculating the radiated field. According to Vigran (2009) and Allard and 327 
Atalla (2009) this technique was modified by Villot and Guigou-Carter (2005) by only taking the 328 
spatial window into account on the transmitted side; an approach which Vigran (2009) employed 329 
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when developing his one dimensional finite radiation impedance method. Ghinet and Atalla 330 
(2001) also created an alternative method to the Villot et al. (2001) spatial windowing technique 331 
by using a finite rather than an infinite forced radiation efficiency to correct the infinite sound 332 
transmission coefficient to a finite one.  333 
However, despite Rindel’s (1975) and Villot et al’s (2001) successful substitution of the 334 
finite radiation efficiency in the manner described, this approximation cannot be done on both 335 
the transmitted power and the incident power. This was the reason for Villot and Guigou-336 
Carter’s (2005) correction. Furthermore, if this approximation is done for the incident power, it 337 
should only be utilized when finding the angular dependent sound transmission loss and not 338 
when finding the diffuse sound field sound transmission loss. This is because the cos(θ) term 339 
used when calculating the diffuse sound field transmission coefficient (as shown in Equation 340 
(60)) represents the projected area of the sound field onto the wall panel. Consequently, a further 341 
substitution of the finite radiation efficiency for this cos(θ) term cannot be done. As a result, 342 
Equation (51) should be used when predicting the diffuse field STL while Equation (52) should 343 
be utilized when calculating the angular dependent STL. The use of the radiation efficiency in 344 
this manner has been validated by Brunskog (2012) while evaluating Davy’s (2009b) theory. 345 
 346 
B. Total Transmitted Sound Power  347 
The total transmitted sound power can be found from the radiated sound pressure which is 348 
dependent on both the forced and reflected waves within the cavity. Consequently, the total 349 
radiated sound pressure of the vibrating strip can be found by replacing the velocity in Equation 350 
(28) with the total velocity due to both the forced and reflected waves such that 351 
23 
 
 (            √
 
   
∫   (    (  
 
    
(       (   ) 
 
 )        (     
 
 
 
(53) 
where,  352 
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Furthermore, it can be shown that the magnitude of the pressure squared is given by  353 
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where, 354 
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The velocity amplitude in Equation (56) for the forced and reflected waves can be found from 356 
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where   is the pressure amplitude due to the forced wave (Equation (16)),    and    are the 357 
pressure amplitudes due to the reflected waves as given in  Equations (18) and (19) respectively: 358 
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   is the impedance of the Panel 2 with the appropriate radiation efficiency used for the fluid 359 
loading effect. 360 
C. Physical Explanation For The Under-Prediction Of London’s Model  361 
Based on the above discussion the angular dependent transmission coefficient can be found from 362 
the ratio of the total transmitted power given by Equation (56) to the incident power given by 363 
Equation (52). The resulting angular dependent STL results for a 3.05 by 2.44 m gypsum double 364 
wall system with a 90 mm cavity can be seen in Figure 5. A cavity length of 2.44 m was utilized 365 
when calculating the results shown.   366 
 367 
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 368 
 369 
Figure 5 Comparison between London’s infinite model and the proposed finite model 370 
assuming that the forced and reflected waves have the same radiation efficiency (color 371 
online) 372 
The results in Figure 5 show that the oblique mass-air-mass resonance frequency for the finite 373 
model does not vary with the angle of incidence as in London’s model. Instead, for all angles of 374 
incidence the oblique mass-air-mass resonance frequency occurs at the normal mass-air-mass 375 
frequency. The presence of the reflected waves within the wall cavity is responsible for the 376 
normal mass-air-mass resonance frequency being independent of the angle of incidence. The 377 
dips in the STL above the normal mass-air-mass resonance frequency shown in Figure 5 are due 378 
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to the cavity resonances associated with the finite size of the wall cavity. The results shown 379 
indicate that these resonance frequencies do not vary with the angle of incidence. 380 
 In order to determine how the prediction results compare to measurements reported by Warnock 381 
(2010) the diffuse sound field sound transmission coefficient ( ) was calculated using Equation 382 
(60) and averaged into 1/3 octave bands. 383 
    ∫     (     (    
   
 
 
(60) 
The results for a 16 mm gypsum (density 770 kg/m
3
) double-leaf walls with a 90 mm cavity 384 
without sound absorbing material in the wall cavity can be seen in Figure 6. The measured sound 385 
insulation results TL-92-265 to TL-92-267 (from Warnock(2010)) in Figure 6 contain 40 mm 386 
double steel studs spaced at 610 mm centers with a 10 mm gap between the separate studs, while 387 
TL-92-262 to TL-92-264 contain 90 mm steel studs on 813 mm centers. These walls have critical 388 
frequencies of 2.5 kHz. 389 
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 390 
 391 
Figure 6 Measured and calculated sound transmission loss in 1/3 octave bands (color 392 
online)  393 
The results in Figure 6 clearly show the extent by which London’s model underestimates 394 
the STL through double-leaf wall systems due to the angular dependent mass-air-mass 395 
resonance. Once this effect is removed by taking into account the interaction of the reflected 396 
waves within the wall cavity due to its finite size, more realistic predictions are obtained. 397 
Therefore, the physical explanation for the reason why London’s model under-predicts the STL 398 
comes from the effect of the angular dependent mass-air-mass resonance frequency. 399 
The link between the angular dependent mass-air-mass resonance frequency and 400 
London’s under-prediction of the STL has not been reported within the literature. Although 401 
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Prasetiyo and Thompson’s (2012) recent publication which is based on the coupled Waveguide 402 
Finite Element-Wavedomain Boundary Element method to predict the STL showed that the 403 
oblique resonance does not vary with the angle of incidence (an observation which agrees with 404 
the results presented here); they could not use their results to explain the reason why London’s 405 
model under-predicted the STL since they were not able to predict the normal mass-air-mass 406 
resonance frequency with their model. Instead, their first resonance occurred at the point where 407 
the first cavity resonance (i.e ) combined with the normal mass-air-mass resonance 408 
frequency. Despite this fact, even though the technique presented here is different from Prasetiyo 409 
and Thompson’s (2012), the results obtained from both models indicate that the lateral cavity 410 
modes do have a significant impact on the prediction results obtained for the STL through 411 
double-leaf wall systems. 412 
VII. SOUND TRANSMISSION LOSS OF AN EMPTY DOUBLE-LEAF WALL  413 
In the previous section it was assumed that the same radiation efficiency could be used for the 414 
vibrations created by both the forced and reflected forced waves. This assumption is not entirely 415 
valid as the radiation efficiencies of both waves are different since their wavelengths and rates of 416 
attenuation are not the same. The predicted STL when considering the radiation efficiency of the 417 
reflected waves can be seen in Figure 7. The effect of considering the different radiation 418 
efficiencies of the reflected waves can be seen by comparing the predicted STL shown in Figure 419 
6 and Figure 7.  420 
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 421 
Figure 7 STL of a 16 mm gypsum double-leaf wall with a 90 mm cavity without sound 422 
absorption material (color online) 423 
The results shown in Figure 7 show the predicted results with air flow resistivity of 0 and 424 
50      . For the presented model an air-flow resistivity of 50       is necessary because the 425 
empty cavity provides some absorption of sound in addition to that provide by the radiation of 426 
sound from the outer sides of each wall panel. This result is consistent with Gösele and Gösele’s 427 
(1977) result that the radiation of sound from one wall is equivalent to an airflow resistivity of 428 
between 1 and 10 Ns/m
4
.  429 
In order to obtain the results shown in Figure 7, a resistance term of r= 600 kg/(m
2
 s) for 430 
the vibration of the wall leaves was included in the model to reduce the extent of the singularity 431 
obtained at the mass-air-mass resonance frequency (  ). The effect of different values of this 432 
resistance term   on the STL can be seen in Figure 8. This resistance term is needed physically 433 
because real wall panels will have some damping. 434 
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The error due to the iterative calculation of the radiation efficiency of the reflected 435 
waves, is expressed as the approximate percent relative error (  ) which is given by  436 
   
                                            
                     
      
(61) 
Chapra and Canale (2002), for successive iterations around    is given in Table 1. From the 437 
results shown in Table 1 it can be seen that with successive iterations the diffuse sound field STL 438 
rapidly converges. Similar rates of convergence were obtained for the STL at discrete 439 
frequencies for different angles of incidence as well as for the radiation efficiency of the 440 
reflected waves. As a result of the small    which occurs by the 4th iteration, only four iterations 441 
were used for all the prediction results presented in this paper.  442 
 443 
 444 
Figure 8 Effect of the resistance term r (kg/(m
2
 s))  on the predicted STL for a 16 mm 445 
double-leaf gypsum wall system without sound absorption material (i.e. airflow resistivity= 446 
50 Ns/m
4
) (color online) 447 
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Table 1 Approximate percent relative error of the STL for successive iterations of the 448 
radiation efficiency of the reflected waves 449 
1/3 Octave Band Centre Frequency (Hz) Iteration 2 Iteration 3 Iteration 4 
80 2.62E-02 -4.56E-04 8.28E-06 
100 -1.21E-02 6.52E-05 -3.49E-07 
125 -2.02E-03 2.69E-06 1.80E-09 
160 5.63E-04 -1.03E-06 1.91E-09 
200 -1.21E-03 1.57E-06 -2.05E-09 
The results in Figure 7 show that the derived model accurately predicts the STL for the 450 
empty double-leaf wall system below and above    up until approximately half of the critical 451 
frequency of the wall panel once suitable resistivity (i.e.   ) and resistance (i.e.  ) is included.  452 
VIII. SOUND TRANSMISSION LOSS OF A FULLY FILLED DOUBLE-LEAF WALL 453 
Research conducted by Gösele and Gösele (1977), Novak (1992) , Narang (1993; 1995) 454 
and Royar (2007) showed that an airflow resistivity of approximately 5000        is needed to 455 
damp the modes within the wall cavity. Above this airflow resistivity little improvement in the 456 
STL is obtained. The developed model was used to verify this trend for a 16 mm double-leaf 457 
wall gypsum board system with varying airflow resistivity within a 90 mm cavity as shown in 458 
Figure 9. These results indicate that as the airflow resistivity is increased, the STL steadily 459 
increases up until an airflow resistivity of approximately 5000        . Above this airflow 460 
resistivity little improvement in the STL occurs; a result which is supported by other work within 461 
the literature. However, although the developed model followed the expected trend, in order to 462 
determine the accuracy of the model, comparisons were made to experimental data. 463 
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 464 
Figure 9 Effect of different airflow resistivity (color online) 465 
The prediction for the STL of a 16 mm gypsum double-leaf wall system, with glass-fibre 466 
(flow resistivity 4800      ) within a 90 mm cavity, can be seen in Figure 10. TL-92-268 to 467 
TL-92-274 contain 40 mm double steel studs spaced at 610 mm centers with a 10 mm gap 468 
between the separate studs, while TL-92-275 does not contain any studs, Warnock (2010). These 469 
walls have a critical frequency of 2.5 kHz. 470 
33 
 
 471 
Figure 10  STL of a double-leaf wall system with glass-fibre within the 90 mm wall cavity 472 
(color online) 473 
Figure 10 shows the predicted results with the measured glass-fibre air flow resistivity of 474 
4800       as well as the results obtained when 20% of the measured airflow resistivity of the 475 
material was utilized. The reduction in the glass-fibre airflow resistivity was necessary because a 476 
higher than expected STL was obtained when the actual airflow resistivity of 4800       was 477 
used in the developed model as shown in Figure 10. A similar problem was observed by Novak 478 
(1992) within his transfer matrix model which utilized the airflow resistivity of the material in 479 
the wall cavity in order to predict the sound insulation of a cavity wall. Novak did not give an 480 
explanation for this result. However, with regard to the proposed model there are three plausible 481 
reasons why the overestimate occurs when the actual flow resistivity is used.  482 
1. The reported airflow resistivity is usually measured normal to the surface of the material 483 
and not in a planar direction. Allard and Atalla (2009) noted that fibrous materials are 484 
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generally anisotropic and the fibres generally lie in planes parallel to the surface of the 485 
material. As a result, the normal airflow resistivity (  ) which is measured perpendicular 486 
to the planes of the fibres is different from the planar airflow resistivity (  ) which is 487 
measured parallel to the directions of the planes. Allard (1987) discussed the work of 488 
Burke (1983) and Nicholas and Berry (1984) which showed that the ratio of the planar to 489 
normal airflow resistivity was approximately 0.5. Consequently, since the developed 490 
model was derived by integrating along the length of the cavity rather than across its 491 
depth, the planar airflow resistivity should be utilized within the model rather than the 492 
usual reported normal airflow resistivity. This issue relating to direction of the measured 493 
airflow resistivity gives a plausible explanation for the reason why at most 50% of the 494 
measured normal airflow resistivity should be used within the developed model. This 495 
issue has also been studied by Tran-Van (2004). 496 
2.  The assumption within the developed model that the sound absorbing material within the 497 
wall cavity does not move when excited by the sound waves. Schultz (Beranek, 1971) 498 
discussed the properties of porous materials when excited by sound waves. In this 499 
discussion Schultz noted that in the low frequency region if the material has insufficient 500 
inertia to remain motionless it will move as a whole because of the action of the air 501 
particles pumped back and forth by the sound pressure through the pores of the blanket. 502 
Schultz concluded that under such circumstances the blanket can be treated in terms of 503 
lumped constants with no consideration of sound propagation within the blanket 504 
(Beranek, 1971). No sound propagation within the blanket means that the sound 505 
absorption properties will be drastically reduced. Consequently, if there is any movement 506 
of the sound absorption material within the wall cavity for the frequency range 507 
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considered, the airflow resistivity required for these calculations would be significantly 508 
lower. Although it can be argued that the movement of the sound absorption material 509 
may not significantly affect the predictions from the developed model since the 510 
movement of the material in the normal direction will be greater than the planar direction, 511 
it must be noted that any movement of the material in any direction will cause some 512 
reduction in its sound absorption properties and reduce the required airflow resistivity 513 
needed for the model. The extent of this required reduction in airflow resistivity if the 514 
sound absorption material moves within the wall cavity is unknown. It may be possible in 515 
the future to incorporate the inertia of the sound absorbing material into the model 516 
described in this paper using the limp frame equivalent fluid model found in Allard and 517 
Atalla (2009). 518 
3. The sound radiation into the wall cavity. The developed model is based on the 519 
assumption that below the critical frequency the forced bending waves are efficient 520 
radiators while the free bending waves are inefficient. The hydrodynamic short circuiting 521 
of the free bending waves within the finite wall panel is responsible for the inefficiency 522 
of these waves. However, although this may be true for radiation into a free space or into 523 
an empty wall cavity, Tomlinson et al. (2004) showed that the radiation efficiency of the 524 
free bending waves on a plate increases as the airflow resistivity of the porous medium it 525 
is radiating into increases. For example, Tomlinson et al. calculated the radiation 526 
efficiency of a plate at 100 Hz radiating into a 100        porous medium as 0.018 and 527 
approximately 0.3 into a 5000        medium. Clearly the significance of the free 528 
bending waves increases as the airflow resistivity increases below the critical frequency. 529 
Because the wall leaves are assumed to be limp in this paper, there cannot be reflected 530 
36 
 
freely propagating bending waves in the wall leaves and these non-existent freely 531 
propagating bending waves cannot radiate sound into the wall cavity. If these freely 532 
propagating bending waves were allowed to exist, the predicted STL would be less than 533 
that given by the current model. It should be noted that none of the models within the 534 
literature account for the increase in the radiation efficiency of the free bending waves 535 
due to the difference in sound radiation into a porous medium as outlined by Tomlinson 536 
et al. (2004).  537 
Despite the issues discussed relating to the modelling of the sound absorbing material 538 
within the cavity, the results shown in Figure 10 show that once 20% of the airflow resistivity is 539 
used for the 90 mm cavity, the developed model accurately predicts the STL above and below    540 
even though at    the results obtained from the prediction does not account for the decrease of    541 
due to the change in the speed of sound through the porous material as discussed by Narang 542 
(1993). For wall systems with a 205 mm deep cavity using 40 % of the reported airflow 543 
resistivity when more than 50 % of the cavity is filled produces satisfactory results Cambridge 544 
(2012) . 545 
IX. SUMMARY AND CONCLUSIONS 546 
A model to determine the STL through both the infinite and the finite double-leaf wall 547 
systems by studying the propagation of the forced and reflected waves in the wall cavity has 548 
been developed. The infinite model’s prediction compared well with London’s model, while the 549 
deteriorating effect of the angular dependent mass air mass resonance frequency was given as the 550 
main reason why London’s model under-predicts the STL. The predictions obtained when the 551 
difference between the radiation efficiency of the forced and reflected waves was taken into 552 
account also compared well to experimental data for both the empty and full cavity case although 553 
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an additional resistance term and a reduced airflow resistivity had to be incorporated within the 554 
model. The inclusion of the additional resistance term   was needed to reduce the extent of the 555 
reduction in the prediction of the STL at the mass air mass resonance frequency. The reduction 556 
in the required airflow resistivity was needed because:  557 
 The planar airflow resistivity is approximately 50% of the usually normal airflow 558 
resistivity  559 
 There is a possibility that the sound absorption material may move within the cavity, 560 
therefore reducing its sound absorption properties  561 
 The radiation of sound by the free bending waves in the wall leaves was not included in 562 
the model because of the limp wall leaf assumption due to the belief that they are 563 
inefficient radiators below the critical frequency. However, Tomlinson’s (2004) 564 
investigation suggests that the radiation of sound into the wall cavity by these waves 565 
actually increases when the resistivity of the porous material in the wall cavity increases. 566 
The issues encountered while using the airflow resistivity of the material to model its sound 567 
absorption characteristics is consistent with that encountered by Novak (1992), although no 568 
explanation was given by him for the reason why an over prediction of the STL occurred once 569 
the actual normal airflow resistivity was used.  570 
  571 
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